To investigate relationships between body fat and its distribution and carbohydrate and lipid tolerance using statistical comparisons in post-menopausal women. DESIGN: Sequential meal, postprandial study (600 min) which included a mixed standard breakfast (30 g fat) and lunch (44 g fat) given at 0 and 270 min, respectively, after an overnight fast. SUBJECTS: Twenty-eight post-menopausal women with a diverse range of body weight (body mass index (BMI), mean 27.2, range 20.5 -38.8 kg=m 2 ) and abdominal fat deposition (waist, mean 86.4, range 63.5 -124.0 cm). Women with BMI < 18 or > 37 kg=m 2 , age > 80 y and taking hormone replacement therapy (HRT) were excluded. MEASUREMENTS: Anthropometric measurements were performed to assess total and regional fat deposits. The concentrations of plasma total cholesterol, high density lipoprotein (HDL) cholesterol, triacylglycerol (TAG), glucose, insulin (ins), non-esterified fatty acids (NEFA) and apolipoprotein (apo) B-48 were analysed in plasma collected at baseline (fasted state) and at 13 postprandial time points for a 600 min period. RESULTS: Insulin concentrations in the fasted and fed state were significantly correlated with all measures of adiposity (BMI, waist, waist -hip ratio (W=H), waist -height ratio (W=Ht) and sum of skinfold thickness (SSk)). After controlling for BMI, waist remained significantly and positively associated with fasted insulin (r ¼ 0.559) with waist contributing 53% to the variability after multiple regression analysis. After controlling for waist, BMI remained significantly correlated with postprandial (IAUC) insulin (r ¼ 0.535) contributing 66% of the variability of this measurement. No association was found between any measures of adiposity and glucose concentrations, although insulin concentration in relation to glucose concentration (glucose -insulin ratio) was significantly negatively correlated with all measures of adiposity. A significant positive correlation was found between fasted TAG and BMI (r ¼ 0.416), waist (r ¼ 0.393) and Ssk (r ¼ 0.457) and postprandial (AUC) TAG with BMI (r ¼ 0.385) and Ssk (r ¼ 0.406). A significantly higher postprandial apolipoprotein (apo) B-48 response was observed in those women with high BMI ( > 27 kg=m 2 ). Fasting levels of NEFA were significantly and positively correlated with all measures of adiposity (except W=H). No association was found between cholesterol containing particles and any measure of adiposity. CONCLUSION: Hyperinsulinaemia associated with increasing body fat and central fat distribution is associated with normal glucose but not TAG or NEFA concentrations in postmenopausal women.
Introduction
The incidence of coronary heart disease (CHD) in women rises sharply after the menopause.
1,2 Loss of ovarian function and endogenous oestrogen secretion, with consequent adverse effects on circulating lipids including triacylglycerol levels (TAG) and associated lower HDL levels, 3 increased small dense LDL level 4 and a decline in endothelial function, 5 are likely aetiological factors. However the mechanisms underlying the link between declining ovarian function and increasing prevalence of cardiovascular risk factors remain incompletely understood.
The metabolic phenotype of post-menopausal women, which includes an increased tendency for body fat deposition in the abdominal region, 6 suggests that insulin resistance may underlie the characteristic features of post-menopausal dyslipidaemia. 7 -11 Adverse effects of insulin resistance on lipid metabolism, with consequent effects on circulating TAG concentrations, may be the primary metabolic defect that leads to low HDL and increased prevalence of small dense LDL, 12, 13 which are the key features of the atherogenic lipoprotein phenotype.
14 Greater tendency for central fat deposition after the menopause may be particularly relevant to the higher incidence of CHD in post-menopausal women, since, although central obesity has been shown to be a strong risk factor for both men and women, studies in women generally produce values for relative risk that are higher than those found in men. 15 The possibility that raised TAG are a key feature of the lipid disturbance that conveys increased risk of CHD after the menopause is supported by the fact that raised TAG are more strongly associated with CHD risk in women than men. 16 -19 The Framingham study showed that in women the strongest predictor of CHD risk were a TAG level greater than 1.7 mmol=l and HDL cholesterol values less than 1.3 mmol=l. 20 In a prospective follow-up study (over a 20 y period) of 1462 women a strong association between serum TAG concentrations and CHD mortality was reported. 19 The dominance of TAG as a lipid risk factor in post-menopausal women, and the link with central obesity and insulin resistance, is also supported by the observation that women with non-insulin-dependent diabetes mellitus have a 4 -5-fold increase in risk of CHD, compared with a 2 -3-fold increase in men. 21 Recent reports that visceral obesity is associated with an impaired postprandial TAG metabolism in men 22 and premenopausal women, 23 strongly support the need for comparable studies in post-menopausal women, a group in whom the consequences of raised TAG concentrations may be considerable. Most studies on relationships between plasma lipoprotein levels, insulin resistance and body fat and fat distribution, have been performed in the fasted state. 24, 25 However the fasted state provides a very limited view of metabolic capacity in terms of carbohydrate and lipid homeostasis, whereas the postprandial state, by providing a stress on these systems, may reveal defects in aspects of insulin action that are not detectable under fasted conditions.
In the present study we have sought to clarify the relationship between body fat mass, fat distribution, insulin and TAG concentrations in post-menopausal women using statistical associations. We have investigated relationships between body fat (using body mass index; BMI), and central fat accumulation (waist, waist -hip (W=H) ratio, waistheight ratio (W=HT)) and measures of insulin sensitivity in relation to glucose, TAG and non esterified fatty acid (NEFA) concentrations in both the fasted and postprandial state in post-menopausal women.
Methods
Subjects Twenty-eight healthy, post-menopausal women were recruited from Reading University and the surrounding area. Individuals who suffered from diabetes, liver or endocrine dysfunction, malabsorption syndrome, anaemia or had previously suffered a coronary event were excluded. Volunteers were required to be: non-smokers; not on any hypolipidaemic medication, hormone replacement therapy or any other medication known to interfere with lipoprotein metabolism; not consuming any fatty acid supplements; or following a weight reducing or any other diet. Post-menopausal women were excluded if their BMI was < 18 or > 37 kg=m 2 , if they were > 80 y or if their activity levels exceeded more than two 20 min sessions of aerobic exercise=week. Volunteers were recruited with a diverse range of body weight, reflected in the mean BMI of 27.2 kg=m 2 (range 20.5 -38.8 kg=m 2 ), and a diverse range of abdominal fat deposition, mean waist circumference of 86.4 (range 63.5 -124.0 cm). The women had a mean age of 62 y (range 52 -76 y) and had no menstruation history (confirmed by lack of detectable plasma oestrogen) for at least 6 months prior to the study.
The study received ethical approval from the University of Reading Ethics Committee and all subjects gave informed consent.
Study protocol
On the morning of the study day the volunteers reported to the Hugh Sinclair Unit of Human Nutrition at the University of Reading at 08:00 h after a 12 h overnight fast. Volunteers were asked to refrain from alcohol and strenuous activity on the previous day. On arrival a cannula was inserted into the antecubital vein of the forearm and two fasting blood samples were collected over a period of 10 min. At 08:30 h (time 0 min) volunteers consumed a standard test breakfast and at time 270 min a standard test lunch (details of the test meals are given below). Blood samples were collected every 30 min for the first 90 min after each meal and thereafter hourly until 600 min. The volunteers were allowed water, sugar-free drinks and decaffeinated beverages throughout the study, but no other food or drink was permitted until after the study period.
Test meals
The standard meals consisted of normal foods. The breakfast consisted of croissant, butter, jam, semi-skimmed milk and orange juice (providing 30 g fat, 11 g protein, 76 g carbohydrate and 2469 kJ energy). The lunch consisted of vegetable casserole and dumplings, strawberry and cream sundae and orange juice (providing 44 g fat, 11 g protein, 81 g carbohydrate and 3138 kJ energy).
Anthropometric measurements
A single trained investigator performed all anthropometric measurements. Volunteers were weighed wearing light clothing and no footwear. Height was measured to the nearest 1 cm using an upright stadiometer and weight to the nearest 0.5 kg on standard medical scales. Circumferences were measured to within 1 mm in a standing position. Waist circumferences were determined mid-way between the lowest rib margin and the iliac crest, and the hip circumference at the widest point to the trochanters. Skinfold thickness was measured using a Harpenden's callipers at the triceps, biceps, subscapular and suprailiac sites as described previously. 26 Each individual measurement was taken to the nearest 1 mm and the mean skinfold thickness at each site calculated from three readings. The CV for waist, hip and skinfold readings at the various sites were 2.5, 2.9 and 4 -5.1%, respectively. Waist, W=H and W=Ht were used as indices of central fat distribution, and the sum of the skinfolds for the four sites (Ssk) was used as a marker for subcutaneous tissue mass.
Analytical methods
The blood samples were collected into potassium EDTAtubes and a fluoride oxalate tube (1 ml) for glucose analysis. Blood samples were spun immediately at 3000 rpm for 15 min (1700 g) in a bench-top centrifuge and plasma was aliquoted into LP3 tubes (L.I.P., Shipley, UK) and stored at 7 20 C until they were required for analysis. A preservative mixture 27 at a concentration of 5% was added to the samples used for apolipoprotein (apo) B-48 analysis. All samples for each subject were analysed within a single run. For all of the fasting blood samples collected, total cholesterol (TC), high density lipoprotein (HDL) cholesterol, triacylglycerol (TAG) and glucose analysis was performed using an IL Monarch centrifugal analyser (Instrumentation Laboratory, Warrington, UK). TAG was measured using lipase (EC 3.1.1.3)-glycerol lipase (EC 2.7.1.30) method (Instrumentation Laboratory), glucose concentrations were measured using a hexokinase (EC 2.7.1.1) method (Instrumentation Laboratory), TC and HDL-C using a cholesterol esterase (EC 3.1.1.13)-cholesterol oxidase (EC 1.1.3.6) method (Instrumentation Laboratory). HDL-C concentrations were determined following precipitation of the fresh plasma with dextran-magnesium chloride reagent. 28 LDL-C was calculated using Freidewald formula. 29 In addition plasma insulin was measured using a specific enzyme-linked immunosorbant assay. 30 Plasma apo B-48 was quantified by a competitive ELISA. 31 In the postprandial plasma samples TAG, glucose, insulin, NEFA and apo B-48 were measured. The mean intra-and inter-assay CVs for TC, TAG, glucose, NEFA, insulin and apo B-48 were 2.1, 1.9, 2.0, 2.5, 4.0 and 5% and 4.0, 3.1, 4.7, 4.1, 5.5 and 10%, respectively.
Calculation of results
The postprandial TAG, apo B-48, glucose and insulin response were determined as the total area under the curve (AUC) and the incremental area under the curve (IAUC), calculated by the trapezoidal rule. Two indices of NEFA response were evaluated: fasting NEFA and %NEFA suppression 90 min post-breakfast; the latter was used as a measure of the insulin-induced inhibition of the fatty acid release from adipose tissue. Fasting insulin and the ratio of glucose to insulin for the fasted and postprandial state were used as indices of insulin sensitivity to glucose metabolism and also the ratio between TAG and insulin in both the fasting and postprandial state were used as indices of insulin sensitivity to lipid metabolism.
Statistical analysis
Results were expressed as mean (s.d.). All data was checked for normality, using a Shapiro -Wilk test (normality was assumed if P > 0.05) and a logarithmic (natural log) transformation was performed where necessary. Simple linear correlations were used to quantify the univariate associations between variables. Bivariate and partial Pearson correlation (controlling for BMI or waist) were calculated for all data except the gluc -ins AUC ratio. This was not normally distributed even after transformation and a Spearmans correlation was performed to assess the relationship between the gluc -ins AUC ratio and measures of adiposity. Mean fasting, AUC and IAUC for various parameters, between two groups were compared using unpaired t-tests. Comparison of the postprandial responses for various parameters were compared between the two groups; BMI > 27 or < 27 kg=m 2 and waist > 90 or < 90 cm using two-way repeated-measure analysis of variance. Stepwise multiple regression analysis was also performed, using P-in of 0.05 and P-out of 0.10 in order to establish the independent associations between the metabolic variables and measures of adiposity. In the current study, lipaemic, glycaemic, insulinaemic and non-esterified fatty acids (NEFA) responses to the standard meals were the primary outcome variables of interest. Waist, BMI, W=H, W=Ht and Ssk were the measures of adiposity. A P-value < 0.05 was considered significant. All statistical analysis was performed on SPSS statistical package (version 6.1, Chicago, IL, USA) except for the two-way repeated-measure ANOVA which was performed using SAS statistical package version 6.0 (SAS Institute, Cary, NC, USA).
Results

Subjects
Fifty women expressed interest in participating in the study. After completion of the screening questionnaire 29 postmenopausal women who fitted the required criteria for body weight and body fat distribution were recruited. Twenty-eight women completed the study (Table 1) .
Adiposity, insulin and glucose responses Consistent and statistically significant positive associations were observed between fasting and postprandial insulin responses, measures of insulin sensitivity in relation to glucose metabolism (gluc -ins fast and gluc -ins AUC ratios) and measures of adiposity (BMI, waist, W=H, W=Ht and Ssk), which were not affected by adjustment for age. After the measures of adiposity were adjusted for BMI, most of the associations were lost, although waist circumference remained significantly and independently correlated with fasting insulin (r ¼ 0.559; P ¼ 0.05; Table 2 ). After adjusting for waist, associations between BMI and fasting insulin and gluc -ins fasted were lost, but BMI remained significantly and independently correlated with the IAUC insulin response curve (r ¼ 0.535; P ¼ 0.01; Table 2 ). However there were no associations between fasting or postprandial glucose and any measures of adiposity (Table 2 ) and no significant effect of adiposity on postprandial glucose response. Figure  1A graphically illustrates that the degree of adiposity (BMI and waist) had no effect on fasting glucose concentrations.
Of the measures of central adiposity used (waist, W=H, W=Ht) waist circumference and W=Ht were more strongly associated with measures of insulin and insulin sensitivity in relation to glucose metabolism, than was W=H ratio. The importance of waist circumference in these relationships is supported by the results of multiple regression analysis which showed that waist was an independent predictor of fasting insulin concentration (contributing 53% of the variability) and gluc -ins fasting ratio (contributing 38% of the variability, Table 3 ). When the volunteers were separated into two groups dependant on their waist circumference: ( > 90 or < 90 cm), significantly lower fasting insulin concentrations (54 vs 31 pmol=l respectively; P ¼ 0.028) were observed in those with low ( < 90 cm) waist circumferences. After two-way repeated-measure ANOVA, no significant differences were observed for the total postprandial insulin response between the high and low waist groups, but a significantly lower IAUC for the insulin response was observed for those with the lower waist circumference (108 207 vs 43 446 pmol=l min, respectively; P ¼ 0.0001). Data in Figure 1 show the fasted glucose, TAG and insulin concentrations in high and low BMI and waist circumference groups. Significantly lower insulin and TAG values were found in both the low BMI and low waist circumference groups than the respective high groups, but fasted glucose concentrations did not vary according to either BMI or waist circumference.
BMI was found to be an independent predictor for postprandial insulin response (insulin IAUC) contributing 66% of the variability of this dependent (Table 3) . When the group was separated by BMI ( > 27 Figure 2A ). A significant difference was observed for the postprandial insulin response with time (P ¼ 0.0001) and between the high ( > 27 kg=m 2 ) and low ( < 27 kg=m 2 ) BMI groups at most time points (except 60, 270, 360 and 480 min; P > 0.05) after two-way repeated measure ANOVA (Figure 2A ).
Adiposity and lipaemia
Statistically significant correlations were observed between some measures of lipaemia (TAG fast and TAG AUC) but not all (TAG IAUC) and measures of adiposity (BMI, waist and Ssk; Table 2 and Figure 3A , B). It was observed that those individuals with lower waist circumferences ( < 90 cm) had significantly lower fasting TAG concentrations (1.1 vs 1.6 mmol=l, respectively; P ¼ 0.01; Figure 1B ). Postprandially there was also a significant difference with time (P ¼ 0.0001) for the low and high waist circumference groups and a significant difference between the two groups at most postprandial time points (except 90, 330, 360 and 600 min; P < 0.05; Figure 2C) . A significant interaction of waist and time (P ¼ 0.001) for the postprandial TAG response between low ( < 90 cm) and high ( > 90 cm) waist was also found after performing a two-way repeated-measure ANOVA ( Figure 2C ). No significant differences were observed when summary postprandial measurements (AUC and IAUC) were compared between the low and high waist and BMI groups. After multiple regression analysis it was found that Ssk (used as a surrogate marker of subcutaneous fat depots) contributed 31% of the variability in fasted TAG concentrations.
No significant correlation was found between any measures of adiposity and fasting and summary postprandial (AUC and IAUC) apo B-48 concentrations (data not shown). No significant differences were found when fasting and summary postprandial (AUC and IAUC) measures were compared between the high and low waist and BMI groups. However after performing a two-way repeated-measure ANOVA a significant effect of time (P ¼ 0.0001) and BMI (P ¼ 0.03) was observed at 210 and 300 min ( Figure 2D ). Adiposity, insulin resistance, lipids and women JA Lovegrove et al
Adiposity and NEFA variables
The fasting levels of NEFA showed a significant relationship with measures of adiposity (except W=H; Table 2 ). However none of the associations with central adiposity remained significant after adjustment for BMI. This relationship was also supported by the statistically significant difference in and < 90 cm; high is > 27 kg=m 2 and > 90 cm for BMI and waist respectively. *P < 0.05; **P < 0.01.
Adiposity, insulin resistance, lipids and women JA Lovegrove et al the fasting NEFA concentrations when the group with large waist circumferences ( > 90 cm) were compared with low waist ( < 90 cm, 731 vs 554 mmol=l respectively; P ¼ 0.01).
The important relationship between fasting NEFA and BMI was supported by the multiple regression analysis which indicated BMI contributed 30% of the variability in this dependent (Table 3) . No correlations were observed with any measures of adiposity and %NEFA suppression.
Adiposity and measures of cholesterol containing lipoproteins
No significant correlation was observed between any measures of cholesterol containing lipoprotein particles (TC fast, HDL-C fast and LDL-C fast) and measures of adiposity (Table 2 ).
Discussion
The findings from this study confirm previous reports that show body fat accumulation, particularly in the abdominal region, to be associated with hyperinsulinaemia. Many studies have investigated the effects of obesity and more specifically central fat accumulation, on insulin responses after a glucose load. A significant positive association between measures of central fat and insulin levels (in the fasted state and after a glucose challenge) have been reported in men, 32 -35 pre-menopausal women 23,36 -39 and post-menopausal women. 24, 25, 39 As in most of the previous studies, 22,40 -42 we found no significant associations between fasting or postprandial glucose values and measures of adiposity in this study group. The present study contributes further knowledge in relation to post-menopausal women, a group that is known to be at high risk of increasing body weight and CHD. The study was conducted in post-menopausal women with a wide range of waist circumference and BMI values, using the physiological postprandial challenge of a breakfast and lunch consisting of standard mixed test meals containing carbohydrate, fat and protein. The data suggest that in post-menopausal women in the present study, heightened circulating insulin levels associated with greater fat accumulation have adequately compensated for the apparent loss of insulin sensitivity with respect to glucose metabolism, since no corresponding relationship between anthropometric measures and glucose levels, either in the fasted or the postprandial challenge state, were found. Because the study did not measure insulin sensitivity directly this conclusion is based on the discordant nature of the associations that were observed between insulin concentrations and athropometric measures (positive), and glucose and anthropometric measures (neutral), respectively. The findings support the views of other authors, who have observed that increased fat mass associated with moderate loss of insulin sensitivity, may be compensated for by greater insulin secretion. 22,40 -42 However, unlike the glucose measurements, both fasted and postprandial TAG (AUC) measurements were found to be positively related to BMI, waist and subcutaneous fat (Ssk). Since many of the high fasted TAG values typical of the overweight subjects reached levels that are characteristic of the atherogenic lipoprotein phenotype, this suggests that the hyperinsulinaemia (or insulin resistance) associated with greater body fat mass and central fat distribution, may have adverse consequences as far as circulating TAG homeostasis is concerned. Although few studies have investigated relationships between body fat and postprandial TAG response, our observation that fasted TAG levels are positively related to measures of adiposity is in agreement with many studies. 22,40,43 -50 However it should be noted that not all studies have shown positive associations between adiposity and TAG or between insulin and TAG levels. 23,51 -53 It was notable that in the present study multiple regression analysis and partial Pearson correlations (controlling for either BMI or waist) resulted in loss of significant associations between A key question is whether the elevated TAG concentrations associated with adiposity and hyperinsulinaemia reflect resistance with respect to the actions of insulin on lipid metabolism. This study is not able to adequately address this question since this would require direct measurement of each of the major contributors of circulating TAG levels that are known to be regulated by insulin. Whatever the origin of raised circulating TAG concentrations with greater adiposity, the adverse consequence of this association in terms of the atherogenicity of the circulating lipoprotein profile is clear. Although we did not observe any significant relationships between measures of adiposity and concentrations of cholesterol-containing particles (total cholesterol, LDL or HDL cholesterol), a trend for a negative association between measures of adiposity and HDL cholesterol concentrations was observed, especially for BMI and subcutaneous fat mass. Some studies have reported no association between measures of adiposity and cholesterol containing particles. 23, 32, 51 However where positive associations have been reported, these tend to be stronger in men compared with women. 53 Since women appear to be more resistant to adverse effects of raised LDL levels in terms of CHD risk, 54 but more sensitive in terms of raised TAG and CHD risk, 16 -19 Adiposity, insulin resistance, lipids and women JA Lovegrove et al we suggest that the greater impact of obesity on CHD risk may be explained through the relationship of adiposity with raised TAG.
Both BMI (used as a marker for obesity) and waist (used as a marker for central fat) were significantly and positively associated with fasting and postprandial insulin concentrations and significantly and negatively associated with measures of insulin sensitivity in relation to both glucose and lipid metabolism. However, it was observed that waist measures tended to be more closely related to fasted parameters whereas BMI was more closely related to postprandial variables. Indeed, variations in waist circumference contributed 53 and 38% to the variability in fasted insulin and gluc-ins fasted ratio respectively, in multiple regression analysis. Conversely variations in BMI contributed to 66% of the variability in insulin IAUC in multiple regression analysis. In a recent study, strong associations found between abdominal fat (measured by DEXA) and fasting insulin (r ¼ 0.77, P < 0.001) contrasted with loss of this association when postglucose insulin values were measured (r ¼ 0.43, NS) in a group of post-menopausal women. 24 Other studies also report that fasting insulin is a better marker of insulin sensitivity than are postprandial insulin measurements. 55 Although it is not clear why this may be so, and indeed appears to be counter-intuitive, we speculate that these differences may reflect the different factors that contribute to variations in insulin concentrations in the fasted and postprandial states, respectively. Further investigation of the mechanisms underlying differences in the associations between fasted insulin and postprandial insulin measures and body fat mass and fat distribution, may prove valuable in separating the metabolic consequences of excess body fat mass from those of a centralized body fat distribution.
Due to lack of availability of equipment, direct measurements of the two abdominal fat deposits, visceral and subcutaneous fat were not undertaken. Direct imaging techniques such as computerized tomography, magnetic resonance and DEXA are the most accurate techniques to estimate total and regional fat deposits. 56, 57 However we relied upon indirect measures of these fat depots. Although W=H ratio has been the most commonly used measure for abdominal fat depots, waist is now emerging as the more favoured measure. Waist has been identified as the strongest correlate of both degree of obesity and visceral fat deposit when different anthropometric measurements were compared with direct imaging techniques. 58 -61 Waist compared with W=H also proved the anthropometric measure most closely related to the metabolic variables of interest in the present study.
In conclusion, the present study has demonstrated significant and independent associations between central adiposity and fasted insulin concentrations and between the degree of adiposity and postprandial insulin response, respectively, in a group of post-menopausal women with a wide range of anthropometric measures. Because glucose concentrations did not show the same associations with measures of body fat mass or its distribution, we suggest that the hyperinsulinaemic response appears to have compensated for the apparent reduction in insulin sensitivity for glucose but does not adequately compensate as far as TAG homeostasis is concerned. Given the greater sensitivity of women to adverse cardiovascular effects of raised TAG concentrations, we suggest greater emphasis should be placed on the consequences and nature of body weight gain in postmenopausal women.
